Abstract Fine particulate matter (<2.5 μm, PM 2.5 ) air pollution is a leading risk factor for morbidity and mortality worldwide. The largest portion of adverse health effects is from cardiovascular diseases. In North America, PM 2.5 concentrations have shown a steady decline over the past several decades; however, the opposite trend has occurred throughout much of the developing world whereby daily concentrations commonly reach extraordinarily high levels. While air quality regulations can reduce air pollution at a societal level, what individuals can do to reduce their personal exposures remains an active field of investigation. Here, we review the emerging evidence that several interventions (e.g., air filters) and/or behavioral changes can lower PM pollution exposure and as such, may be capable of mitigating the ensuing adverse cardiovascular health consequences. Air pollution remains a worldwide epidemic and a multi-tiered prevention strategy is required in order to optimally protect global public health.
Introduction
In the modern world, particulate matter <2.5 μm in aerodynamic diameter (PM 2.5 ) air pollution is principally a consequence of the fossil fuel dependence (e.g., coal-fired power plants) of contemporary urban-industrial societies. PM 2.5 is an amalgam of solid and liquid combustion by-products including organic and elemental carbon, inorganic ions (sulfates, nitrates), and a host of metals/elements (e.g., iron) [1, 2, 3••] . As with cigarette smoking, the inhalation of these particles is clearly linked to adverse pulmonary health effects [1, 2, 3••] . However, the evidence accrued over the past few decades demonstrates that in fact, the largest portion of attributable deaths are due to cardiovascular causes [1, 2, 3••] . A wide array of epidemiological studies demonstrates that short-term exposures over a few days increases the risk for a variety of acute cardiovascular events (e.g., myocardial infarctions, heart failure exacerbations, and strokes) by about 1-2 % per 10 μg/ m 3 (i.e., approximately 1 standard deviation PM 2.5 increase in the western world) [4] [5] [6] . Living in more polluted regions over several years increases cardiovascular morbidity and mortality by an even larger degree (∼10 % increase per 10 μg/m 3 ) [7, 8] . Given the billions of people affected, the public health consequences are enormous. PM 2.5 ranks as the ninth leading risk factor for morbidity and mortality worldwide [9] .
Several mechanistic pathways explaining the epidemiological associations have been demonstrated which strongly support that PM 2.5 is causally linked to cardiovascular diseases [1, 2, 3••] . PM 2.5 inhalation is capable of triggering systemic oxidative stress/inflammation and altering autonomic balance in favor of sympathetic activation. Certain nanoparticles or their constituents may even translocate into circulation and thereby directly harm the cardiovascular system. As a result, a variety of adverse physiological responses may ensue within hours-to-days including vasoconstriction, endothelial dysfunction, increased blood pressure (BP) and heart rate, myocardial ischemia, impaired heart rate variability (HRV), repolarization abnormalities, arrhythmias, and enhanced thrombotic and coagulation potential. Longer-term exposures have been linked to the chronic progression of atherosclerosis as well as the increased incidence of overt hypertension and diabetes mellitus [1, 2, 3••] . Both the American Heart Association and the European Society of Cardiology have reviewed the epidemiological and experimental studies and formally recognize PM 2.5 as an important cardiovascular risk factor [1, 2, 3••] .
Global Air Pollution Levels
Recent reports estimate that roughly 75 % of the world's population is exposed to PM 2.5 levels above the World Health Organization (WHO) annual air quality standards (>10 μg/ m 3 ) [10] . While global concentrations continue to increase (mean level of approximately 20-25 μg/m 3 ), air pollution has steadily declined in North America since the 1970s to current values averaging around 10-13 μg/m 3 (with only 20 % of the population above WHO annual goals) [10] . On the other hand, many developing countries across Asia suffer from tremendously high levels averaging 45 μg/m 3 annually. In these countries, over 99 % of the populace is exposed to pollution above WHO standards. Daily concentrations commonly reach extraordinarily dangerous thresholds exceeding 150-500 μg/m 3 in certain highly polluted regions [10, 11] . It is important to note, however, that even the low pollution levels encountered throughout most of North America (<15 μg/m 3 ) are still linked to an increased risk for cardiovascular events [7] .
Compounding the adverse effects of outdoor Bambient^PM 2.5 is the potentially even larger global public health threat of household air pollution (HAP) [12] [13] [14] . More than 3 billion people (particularly in regions across India, China, and Africa) rely on solid fuels (e.g., biomass) for household heating and cooking [12] [13] [14] . Indoor particle concentrations due to HAP commonly exceed those of secondhand smoke [13] , ranging from 100-500 μg/m 3 . While fewer studies have directly evaluated the cardiovascular health effects of wood smoke, biomass, or other household sources of pollution (e.g., cooking stoves), most recent estimates support that HAP is the third leading cause of disability-adjusted life years lost worldwide due to an excess of both pulmonary and cardiovascular diseases [9] . As such, in order to optimally protect the global public health, efforts to reduce exposures to both ambient PM 2.5 as well as HAP (at least in many developing regions) are both important. [21, 22] . From the early 1970s to the late 1990s, a 10 μg/m 3 reduction in estimated PM 2.5 levels among the six cities led to a 27 and 31 % reduction in adjusted all-cause and cardiovascular mortality rates, respectively [21] . Even larger analyses of life expectancy increases attributable to nation-wide reductions in PM 2.5 across the USA from 1980 to 2000 [23] and from 2000 to 2007 [24] also support that the long-term trend for improvements in air quality translates into observable health benefits. During both periods, reductions in PM 2.5 levels by 10 μg/m 3 were independently associated with increases in life expectancy by between 4 and 7 months.
The recent 2008 Beijing Olympics offered a unique opportunity to evaluate the potential health effects of air pollution reductions [25••] . During the games (July-September) several pollution control measures led to significant decreases in both particulate and gaseous pollutants. Mean levels of PM 2.5 were 100.9 and 84.2 μg/m 3 before and afterward, while they averaged 69.4 μg/m 3 during the Olympic months. Several biomarkers of inflammation and thrombosis, as well as BP, were not only associated with various gaseous and particle pollutant levels during the previous few days, but they were improved during the Olympic period. This study shows that even among healthy individuals, wide-scale interventions to improve air quality can positively influence cardiovascular health within a short period of time.
Interventions to Reduce Air Pollution Exposures at a Personal Level
It is an encouraging fact that most air pollutants have fallen considerably in the USA over the past few decades. Unfortunately, even low levels of PM 2.5 (5-15 μg/m 3 ) are still associated with significant cardiovascular health risks. Epidemiological studies demonstrate that no lower Bsafet hreshold of exposure seems to exist at the population level [7, 22] . Moreover, pollution levels remain high and are increasing for more than half of the world's population [10] . Even if national regulations help to reduce outdoor ambient concentrations, billions of people still face the health risks posed by HAP and/or high exposures due to Bhot spots( e.g., near roadways, industrial settings) of emissions even when overall regional background average levels remain controlled within air quality standards.
An international multidisciplinary workshop reported that interventions which separate people from pollution, thereby reducing exposure and mitigating health impacts, have been largely overlooked as components of formal strategies [26] . This raises important questions, including: what can any single person due to help reduce their exposure? Are any of these measures feasible and/or effective in mitigating the ensuing negative health impacts? In the following section, we review the available evidence showing that interventions can reduce PM 2.5 exposure and effect improvements in cardiovascular health. Findings in this section are summarized in Table 1 .
Air Filtration
There is strong evidence that portable air filtration systems can reduce indoor PM 2.5 concentrations [27, 28] . For example, Barn et al. reported that high-efficiency particulate air (HEPA) filtration effectiveness for forest fires and other wood smoke during summer was 65±35 % [28] . Henderson et al. also reported a PM 2.5 decrease of 63-88 % in homes during wildfires and prescribed burns [27] . More importantly, several recent studies have shown significant cardiovascular health benefits can be realized through the reduction of exposure to PM 2.5 while indoors by HEPA filtration [29, 30•, 31] . Weichenthal et al. reported that electrostatic filtration use was associated with small decreases in systolic BP and diastolic BP [32] . On the other hand, Karottki et al. reported mixed results due to low PM 2.5 levels in the absence of filtration, along with possible confounding due to subjects' use of medication [33] . A limitation of this general strategy is that while most individuals indeed spend the majority of their time at home and indoors (which makes this approach even feasible), air filters will not reduce exposures encountered outside of this setting. Given the great potential for air filtration to improve health and protect susceptible populations and those spending most of their time indoors (e.g., retirement communities), the utility of air filtration remains an important area for future research.
Closing Windows and Air Conditioning
In a study of young adults in Taipei, Lin et al. reported that closing windows reduced indoor PM concentrations and modified the effect of PM 10 on BP and heart rate [34] . In a subsequent study, Lin et al. also reported that closing windows and turning on air conditioners at home can reduce indoor air pollution and improve cardiovascular endpoints (e.g., HRV and C-reactive protein in plasma) [35•] . Furthermore, another recent study reported that operation of a car's air conditioning system during commutes modified the associations between in-vehicle PM 2.5 and decreases in HRV [36] . Bell et al. examined PM 2.5 and risk of urgent cardiovascular hospitalizations for persons 65 years and older in 168 US counties from 1999 to 2005, and reported that communities with higher air conditioning prevalence exhibited a reduced association between outdoor PM 2.5 and cardiovascular-related hospital admissions [37] . However, it is not currently clear whether increased air conditioning usage would provide an overall health benefit to the population in regards to air pollution exposures given the associated need for heightened electrical power generation [38] .
Wearing Face Masks
In Beijing, China, using a particulate respirator face mask appeared to effectively reduce symptoms and improve cardiovascular health measures in patients with coronary heart disease [39•] , and to reduce adverse effects of air pollution on BP and HRV in young health subjects [40] . However, the authors noted that these study were not double blinded, and so the findings may be biased by subjects' awareness of whether they were wearing a respirator or not. Another study reported that markers of oxidative stress (nitrite and nitrite + nitrate) in exhaled breath condensate were increased immediately after 1.5-h car rides during which subjects breathed unfiltered vehicle cabin air, but not after rides during which subjects breathed HEPA-filtered air via a powered air purifying respirator [41] . Unfortunately, under most daily life scenarios, wearing face masks is not a long-term practical strategy; however, it may be useful for short periods during extreme exposures (e.g., high-risk individuals during travel to polluted regions, occupational exposures, activities near hot spots such as roadways). Clark [45] SBP, DBP at end of 48-h metric period
Car Filters and Particle Traps
Recently, Pui et al. demonstrated that air recirculation using relatively inexpensive filters can substantially and rapidly reduce exposure to airborne nanoparticles within enclosed spaces [42] . This is a key finding as relatively inexpensive low-efficiency filters could provide an economical and easily implemented method to effectively protect people from traffic PM exposure. Another study documented that the use of exhaust particulate traps on diesel-powered vehicles is a highly efficient method of reducing particle exposure and providing beneficial effects on biomarkers of cardiovascular health [43••] . However, Muala et al. reported that while exhaustinduced symptoms reported by subjects decreased, the use of cabin air inlet filters including activated charcoal did not show any significant changes in any inflammatory markers in the peripheral blood samples 5 h post exposure [44] . Overall, results suggest that cabin filters and/or diesel particle traps can reduce exposure to traffic-related air pollutants and can be effective in reducing associated adverse cardiovascular health changes.
Modified Cook Stoves
Clark et al. reported that the use of an Eco-stove-a woodburning cook stove with a more efficient combustion chamber and a chimney-resulted in a 5.9-mmHg reduction in systolic BP among women over 40 years of age, and a 4.6-mmHg reduction among obese women in Granada, Nicaragua [45] . Another intervention study in Guatemala by McCracken et al. reported on associations between exposure to wood smoke from household stoves and electrocardiographic [46] as well as BP changes [47] . The authors found that compared to open fire, a chimney stove intervention was associated with reduced occurrence of nonspecific ST-segment depression [46] and lower BP [47] . Given that Bsolid-fuel-fired cooking and heating stoves are used in more than half the world's households and have been shown in many locations to produce high indoor concentrations of particulates and other combustionrelated pollutants,^individual-level interventions to reduce these exposures are important. Major international initiatives such as the Global Alliance for Clean Cookstoves (http:// cleancookstoves.org/) are underway to help reduce the worldwide public health burden due to indoor and HAP.
Other Behavioral Changes
Lissåker et al. found that certain groups including the elderly and those with either respiratory or cardiovascular disease are more likely to change behaviors when they are aware of poor air quality [48] . This suggests that some of the most susceptible groups do, in fact, take measures to protect themselves against air pollution; unfortunately, the authors also noted that , which is about twice the annual NAAQS for PM 2.5 , and (2) both LE and HE air filtration reduced personal PM 2.5 levels by 28±6 and 60±27 %, respectively. In conjunction with the compelling evidence from our previous studies in the Detroit area which showed that ambient and personal PM 2.5 exposures are significantly associated with elevated BP levels within 1-3 days after exposure (e.g., for personal-level exposures systolic BP increased 1.4 mmHg per 10 μg/m 3 of PM 2.5 ) [49] , we expect our study to confirm that air filtration can significantly reduce PM 2.5 -induced BP elevations and other cardiovascular health endpoints.
Conclusions
PM 2.5 is an important global risk factor for cardiovascular morbidity and mortality. Both large-scale national as well as personal-level interventions have the potential to reduce air pollution exposures and the ensuing adverse cardiovascular health effects. Personal measures (e.g., air filters) may be of particular importance in developing nations where ambient pollutant levels remain high and resources to reduce emissions are limited. Numerous study factors including the participant characteristics (e.g., young versus elderly), residential locations (e.g., urban versus rural), pollution sources and levels (e.g., wild fires versus traffic), and underlying health issues or susceptibility (e.g., lung or heart diseases) can influence the effectiveness of the studied interventions. In this regard, future studies are required to improve our understanding of how personal-level interventions perform under a variety of conditions and among different populations in order to make optimal use of the various strategies in the global effort to reduce the adverse public health effects of air pollution.
